Objective: We hypothesized that florbetapir, a Food and Drug Administration-approved PET tracer, could distinguish cerebral amyloid angiopathy (CAA)-related intracerebral hemorrhage (ICH) from hypertensive ICH (HTN-ICH).
The diagnosis of CAA cannot currently be made safely or ruled out by clinically available imaging methods in more than one-third of primary ICHs. 6 One of the exciting advances in CAA research has been the demonstration of the ability of Pittsburgh compound B (PiB), originally designed to detect plaque amyloid in Alzheimer disease (AD), to label vascular amyloid as well. [7] [8] [9] [10] This PET tracer was shown to bind vascular amyloid by radiologic-pathologic correlation in both the common sporadic form of CAA and Iowa-type hereditary CAA, a form of the disorder with little or no plaque deposits of fibrillar Ab. 11, 12 Amyloid imaging using PiB-PET has already made important contributions to our understanding of CAA-related hemorrhagic and ischemic disease mechanisms, 2, 7, 8, 13, 14 such as prediction of future hemorrhages. 7 Despite these promising results obtained with PiB, its clinical application and regulatory approval have been limited by its short half-life, requiring onsite synthesis. A more promising approach for clinical use is the recently introduced PET tracer florbetapir ( 18 F-AV-45). 15, 16 Florbetapir has a long enough half-life for clinical synthesis and use and has been Food and Drug Administration-approved for detection of parenchymal amyloid in suspected AD. Florbetapir has not yet been tested for the diagnosis of CAA, however. We therefore aimed to compare the strength and retention patterns of florbetapir and PiB in patients with CAA without dementia and florbetapir's sensitivity/specificity for CAA relative to similar aged patients with deep ICH caused by chronic hypertension rather than CAA.
METHODS Study participants. We prospectively enrolled 10 survivors of CAA-related lobar ICH and 9 patients who had deep hypertensive ICH (HTN-ICH). Both CAA and HTN-ICH patients were recruited from an ongoing single-center prospective longitudinal cohort study of the natural history of ICH (Massachusetts General Hospital, Boston). 8 Detailed information including demographics, clinical status, vascular risk factors, and characteristics of the presenting event were prospectively recorded at the time of cohort entry. 8, 17 None of the patients had dementia according to the DSM-IV-TR 18 and all had Mini-Mental State Examination (MMSE) scores of 29 or 30. All patients were free of symptoms suggestive of new stroke for 6 months prior to imaging studies. All 10 patients with CAA were diagnosed with probable CAA according to Boston criteria after presenting with symptomatic ICH. 19, 20 Radiologic analyses were performed by separate study personnel (J.A.B., P.F.) and the results were recorded without knowledge of participants' clinical information. The study was performed in compliance with Standards for Reporting Diagnostic Accuracy Studies statement guidelines (http://www.stard-statement.org) and the related flow diagram is presented in figure 1.
Standard protocol approvals, registrations, and patient consents. This study was performed with the approval of and in accordance with the guidelines of the institutional review board of Massachusetts General Hospital. Written informed consent was obtained from all patients (or guardians of patients) participating in the study.
Amyloid imaging acquisition and analysis. All PET data were acquired using ECAT HR 1 PET scanner (Siemens, Knoxville, TN). All 19 participants underwent a florbetapir-PET scan using procedures described previously. 21 All participants received a single IV bolus of 370 MBq (10 mCi) of florbetapir F18. After transmission data were acquired, a 20-minute PET acquisition for florbetapir was acquired in 4 3 5-minute frames beginning 50 minutes postinjection. The reconstruction method was iterative (4 iteration 16 subsets) with a postreconstruction Gaussian filter of 5 mm. Images were reconstructed, corrected for scatter and attenuation using commercial software packages, and inspected for adequacy of count statistics and absence of head motion. Florbetapir scans were nonlinearly warped using SPM8 to the MNI152 FDG template in statistical parametric mapping, and average PET activities calculated over regions defined by the Harvard/Oxford and UCL Cerebellum atlas in standardized Montreal Neurological Institute space (http://fsl. fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
Florbetapir retention standardized uptake value ratios (SUVR) with cerebellar cortex reference region were calculated from average activities in regions of interest (ROIs) for the following target brain regions in the hemisphere not affected by the ICH: frontal cortex, temporal cortex, parietal cortex, and occipital cortex. A composite ROI that represents the whole cerebral cortex was used to calculate the mean cortical SUVR. 8 The 10 patients with CAA also had PiB-PET scan using previously described protocols. 7, 8 The distribution volume ratio (DVR) was computed to express specific PiB retention using cerebellar cortex as the reference tissue. Mean global DVR and the mean DVR from frontal, temporal, parietal, and occipital cortices were calculated using the same ROIs that were applied for florbetapirbased analyses.
In addition to the quantitative measures of amyloid deposition described above, a binary classification of each florbetapir-PET scan was performed, as either visually positive for Ab (vAb1) or visually negative for Ab (vAb2). 15 MRI acquisition and analysis. Each patient underwent detailed structural MRI scans within a week of PiB-PET imaging, including fluid-attenuated inversion recovery for quantification of white matter hyperintensity (WMH) volume, susceptibility-weighted imaging (SWI) for detection of cerebral hemorrhages, and magnetization-prepared rapid gradient echo for cortical segmentation as described previously. 8 Cerebral microbleeds (CMB) were identified per published guidelines. 22 WMH volume was measured by validated computer-assisted techniques, calculated based on the hemisphere without ICH in order to omit perilesional signal changes from the WMH measurement. 8 Statistical analysis. The primary research question was whether florbetapir-PET can help diagnose CAA among cognitively normal patients (Class II evidence). The sample size was determined based on available data from previous amyloid imaging and CAA diagnostic studies. Bivariate comparisons were performed using Fisher exact test, t test, or Wilcoxon rank-sum test as appropriate. Pearson r was used to measure bivariate correlation as appropriate. Multivariate regression analysis was used to test the independent association between variables of interest after adjustment for covariates. Models developed using a forward selection method to reduce the number of variables did not differ substantially from those that included all covariates. Appropriate arithmetic transformations were applied to the continuous variables that were non-normally distributed for use in multivariate models. Sensitivity and specificity were calculated by standard formulas. The kappa statistic was used to test interrater reliability of amyloid positivity ratings. All statistical analyses were performed using SPSS software. A threshold for significance of p , 0.05 was used. All tests of significance were 2-tailed. RESULTS Ten survivors of probable CAA-related ICH and 9 survivors of HTN-ICH were prospectively enrolled between March 2013 and January 2015. The participants had no cognitive deficits by history or objective testing (MMSE $29). Patients with CAA-ICH and HTN-ICH had similar mean ages (66.9 vs 67.1; table) and proportion of female patients (30% vs 33%, both p . 0.2). All patients with HTN-ICH and 70% of patients with CAA were hypertensive (p 5 0.21). The distribution of other vascular risk factors (hyperlipidemia and diabetes) was not different between the groups (both p . 0.2). WMH volume was similar between CAA and HTN-ICH (median 27 vs 28 mL, p 5 0.9). Patients with CAA had higher CMB counts, as in previous studies (p , 0.001). 6, 23 No adverse event from any of the study procedures was observed in any participant.
Within the CAA cohort, we tested our hypothesis that the pattern of cortical florbetapir retention would parallel PiB uptake, a demonstrated marker of vascular amyloid. Florbetapir uptake and PiB retention strongly correlated in patients with CAA both globally within cerebral cortex (r 5 0.96, p , 0.001, figure 2 ) and regionally in occipital, frontal, temporal, and parietal cortices (all r . 0.8, all p # 0.01). These associations remained significant after adjustment for age and sex. Both PiB retention and florbetapir uptake correlated with age (p , 0.05 for both correlations), but not sex. Presence or absence of vascular risk factors (hypertension, diabetes mellitus, hyperlipidemia) was not associated with any global or regional PiB or florbetapir measure (all p . 0.2).
We then performed both quantitative and qualitative analyses to determine the ability of florbetapir-PET to diagnose CAA. Mean global cortical florbetapir uptake was higher in CAA than HTN-ICH (SUVR 1.41 6 0.17 vs 1.15 6 0.08, p 5 0.001). The mean occipital SUVR was also higher in CAA (1.44 6 0.12 vs 1.17 6 0.08, p , 0.001) ( figure 3 ). This association remained significant even after correcting for global SUVR (p 5 0.03), whereas the difference in regional SUVR for the other cortical lobes was not independent of global SUVR. Addition of age to the regression model did not change the significance of this relationship.
Classification of the florbetapir scans as positive or negative demonstrated perfect interrater agreement (k 5 1) between 2 trained neurologists blinded to all other information. Visual assessment of florbetapir-PET was positive for all 10 patients with CAA vs only 1 of 9 HTN-ICH patients (figures 3 and 4) , yielding a sensitivity of 100% (95% confidence interval [CI] 66%-100%), specificity 89% (95% CI 51%-99%). The mean global SUVR of the 8 negative scans ranged between 1.08 and 1.19 whereas the SUVR range for the pooled group of 11 positive scans was 1.23-1.76 ( figure 3) , showing no overlap in mean global SUVR between negative and positive scans. The one HTN-ICH patient who was amyloid-positive had a global SUVR of 1.33. This patient's age was 72 at the time of presentation with a thalamocapsular hemorrhage. She had HTN and hyperlipidemia, but no unusual characteristics for HTN-ICH and MMSE score of 29. DISCUSSION We found that florbetapir detects CAA and differentiates patients with CAA-related ICH from HTN-ICH by both quantitative and visually qualitative scoring methods. Cortical florbetapir retention in CAA was observed to match the pattern and severity of PiB uptake. We also found that the binary visual determination of florbetapir positivity fully correlated with the quantitative analyses, a mean global SUVR of 1.21 accurately categorizing scans as amyloid positive/negative. The binary visual scoring system thus appears to be a robust marker for diagnosing advanced CAA in the appropriate clinical context. The main focus of our analysis was assessing florbetapir as a clinically available diagnostic marker for distinguishing CAA from non-CAA causes of ICH, particularly hypertensive small vessel disease. HTN and CAA are the most common etiologies of deep hemispheric and lobar ICH, respectively, in older adults, 24 as well as causing ischemic injuries such as leukoaraiosis or lacunar infarcts. 23 Distinguishing CAA from non-CAA can play a major role in clinical decision-making, as CAA confers a particularly high risk of future ICH and dementia. 25 Patients who present with a CAA-related lobar ICH have a 9% annual recurrence risk and even those diagnosed solely with microbleeds have 5% annual risk of first-time ICH. 26 Such risk can increase by 2-to 4-fold with use of anticoagulants, so making the CAA diagnosis early can be essential for selecting optimal stroke prevention approaches in patients with possible indications for anticoagulation such as atrial fibrillation. [27] [28] [29] Several alternatives to warfarin anticoagulation with lower associated ICH risks have recently emerged, 4, 5, 30 underlining the potential importance of identifying CAA in practice. Compared to CAA, the recurrence risk of deep HTN-ICH is relatively low (;2% per year) and does not necessarily preclude future warfarin anticoagulation. 29 The diagnosis of CAA might similarly affect other clinical decisions suggested to increase ICH risk such as statins for secondary stroke prevention. [31] [32] [33] The diagnosis of probable CAA by the Boston criteria has high specificity, but currently available methods are insensitive to the presence of CAA in situations such as occurrence of an isolated lobar ICH without microbleeds, hemorrhagic lesions in both deep and lobar locations, or cerebellar hemorrhages. 19, 20 In our largest analyzed series of consecutive primary ICH patients who had MRI (n 5 526), patients with uncertain diagnoses were common (isolated lobar ICH, n 5 122, 23.2%; mixed location or cerebellar ICH, n 5 76, 14.5%) relative to the more definite diagnostic categories (probable CAA, n 5 191, 36.3%; HTN-ICH, n 5 137, 26%). 6 Older patients with multiple lobar microbleeds without ICH (lobar microbleed-only patients) show clinical, radiologic, and risk factor profiles of CAA, 26 but low microbleed counts on MRI are associated with a decreased probability of confirming CAA on autopsy. 34 These data suggest that for more than one third of primary ICH patients and for lobar microbleed-only patients with low microbleed burden, adjunctive diagnostic methods are needed for establishing the diagnosis of CAA. The only such adjunct method currently available is CSF analysis for Ab and tau levels, 35 but lumbar puncture is an invasive method that additionally provides no spatial information on disease location. The linear association between mean global cortical florbetapir retention and PiB uptake values in the CAA cohort (n 5 10, r 5 0.96, p , 0.001). Lines represent the best fit (middle) and the 95% confidence interval. DVR 5 distribution volume ratio; SUVR 5 standardized uptake value ratio.
The increased florbetapir uptake observed in these CAA-ICH patients, like previous demonstrations of increased PiB retention, likely reflects binding of the ligands to vascular amyloid. This interpretation is consistent with extensive previous reports of associations between PiB retention and the hemorrhagic and ischemic markers of CAA. [7] [8] [9] [10] [11] [12] [13] [14] 36 The observation of increased relative florbetapir retention in occipital cortex (even after adjustment for global SUVR) further supports this interpretation, as this pattern parallels the posterior predominance of CAA pathology. 9,10,37 Some of the observed florbetapir retention likely also reflects accompanying parenchymal AD pathology, which often co-occurs with CAA (despite our restriction to cognitively normal patients with . We note, however, that confounding by concomitant AD pathology would tend to bias away from the demonstrated occipital predominance. 9 Our results suggest that the relatively long-lived and widely available florbetapir can be applied to both clinical practice and single or multicenter trials related to CAA. Findings supporting its use include the perfect interrater agreement obtained in binary classifications of amyloid, the perfect sensitivity, and the very high specificity of the positive/negative categorizations for identifying presence/absence of CAA. For an amyloid-negative florbetapir scan, the probability that it was a true negative (negative predictive value) was 100%, a finding in line with results of previous radiologic-pathologic validation of florbetapir for parenchymal AD pathology. 15, 16 Our finding of a false-positive (1 HTN-ICH patient who was florbetapir-positive) likely reflects the background rate of approximately 14% of otherwise healthy older adults who have an amyloid-positive scan. 21 One previous study found that 4 out of 9 cognitively healthy older controls had high PiB retention, the highest reported rate of false positivity in amyloid imaging field but the sensitivity to detect CAA was still excellent (91%) in this particular study. 38 It is plausible that the high specificity that we found might suffer in patients 80 and older due to increased incidence of asymptomatic amyloid positivity. Our data nevertheless suggest that a negative florbetapir scan might be used to exclude a diagnosis of severe CAA, providing valuable guidance to the management of patients with isolated lobar ICH, mixed location ICH, and cerebellar ICH, and patients who cannot undergo MRI.
One strength of our study was use of HTN-ICH as a comparison group, an entity that shares many characteristics with CAA, such as propensity for ischemic and hemorrhagic damage. 6, 23 The CAA and HTN-ICH cohorts were well-matched in terms of age, sex, and WMH volumes. Our study also has notable limitations. Our sample was small, but nonetheless yielded clinically meaningful differences because of the robust separation between amyloidpositive and amyloid-negative patients. Our sample was also restricted to participants able to come to the hospital for research imaging .6 months after their ICH; such survival bias might favor the null hypothesis, as these patients could be more likely to have less severe CAA. Finally, although we used previously validated diagnostic criteria, 19, 20 we did not have pathologic evidence of underlying small vessel disease type. Again, any misclassification would tend to bias towards the null hypothesis rather than towards intergroup differences.
Our results support the ability of amyloid imaging with florbetapir-PET to diagnose CAA in the appropriate clinical context, providing actionable information for a range of potential clinical decisions related to bleeding risk. Although the current study was restricted to ICH patients, the results also raise the possibility that florbetapir-PET might detect advanced CAA pathology prior to ICH for the purposes of therapeutic trials or future primary prevention treatments.
Figure 3
Comparison of mean cortical florbetapir standardized uptake value ratio (SUVR) between hypertensive intracerebral hemorrhage and cerebral amyloid angiopathy (CAA) Dot plots show mean global cortical as well as occipital and frontal cortical florbetapir SUVR values in patients with hypertensive intracerebral hemorrhage (HTN-ICH) and CAA. Based on visual assessment of the scans blinded to quantitative analyses, patients with mean global cortical SUVR less than 1.21 were identified as having negative scans, the rest as positive scans.
